High-grade glioma (HGG) are optimally treated with maximum safe surgery, followed by radiotherapy (RT) and/or systemic chemotherapy (CT). Recently, the treatment of newly diagnosed anaplastic glioma (AG) has changed, particularly in patients with 1p19q codeleted tumors. Results of trials currenlty ongoing are likely to determine the best standard of care for patients with noncodeleted AG tumors. Trials in AG illustrate the importance of molecular characterization, which are germane to both prognosis and treatment. In contrast, efforts to improve the current standard of care of newly diagnosed glioblastoma (GB) with, for example, the addition of bevacizumab (BEV), have been largely disappointing and furthermore molecular characterization has not changed therapy except in elderly patients. Novel approaches, such as vaccine-based immunotherapy, for newly diagnosed GB are currently being pursued in multiple clinical trials. Recurrent disease, an event inevitable in nearly all patients with HGG, continues to be a challenge. Both recurrent GB and AG are managed in similar manner and when feasible re-resection is often suggested notwithstanding limited data to suggest benefit from repeat surgery. Occassional patients may be candidates for re-irradiation but again there is a paucity of data to commend this therapy and only a minority of selected patients are eligible for this approach. Consequently systemic therapy continues to be the most often utilized treatment in recurrent HGG. Choice of therapy, however, varies and revolves around re-challenge with temozolomide (TMZ), use of a nitrosourea (most often lomustine; CCNU) or BEV, the most frequently used angiogenic inhibitor. Nevertheless, no clear standard recommendation regarding the prefered agent or combination of agents is avaliable. Prognosis after progression of a HGG remains poor, with an unmet need to improve therapy.
INTRODUCTION
High-grade glioma (HGG) are the most frequent malignant primary brain tumor, which account for 80% of all gliomas in the United States, and are encountered with an annual incidence of 5.26 per 100,000 population, or 17,000 new cases diagnosed per year. [82] Despite recent advances in treatment, the prognosis of HGG remains poor with comparatively short overall survival (OS) and importantly profound impact on quality of life (QoL). The main objective in the treatment of HGG is twofold: Prolong survival and maintain or improve the QoL that includes elementary neurological function as well as cognitive function. The World Health Organization (WHO) classification of gliomas is used to define the type and grade of tumor, but the prognosis and response to treatment may vary among tumors even in the same subtype of tumor. Molecular characterization and Biomarkers are becoming increasingly important in the management of HGG especially with respect to anaplastic glioma (AG) that have refined prognosis and increasingly are predictive with respect to treatment. Molecular characterization has also defined new driver mutations that represent potential druggable targets. Surgery remains a fundamental treatment both to confirm diagnosis and relieve symptom as as they relate to an intracranial mass. In addition, extent of surgery also appears to have prognostic relevance. The role of combination of radiotherapy (RT) and chemotherapy (CT) is now well established in both codeleted AG (RT preceded or followed by PCV [procarbazine, lomustine, vincristine] CT and in glioblastoma [GB] concomitant temozolomide [TMZ] and TMZ CT followed by adjuvant post-RT TMZ CT) has become the current standard of care (SOC). Nevertheless many questions remain such as the choice of best treatment of recurrent HGG, best management of noncodeleted AG, the role of bevacizumab (BEV) in HGG and whether new approaches such as vaccine-based immunotherapy have a role in the management in HGG.
ANAPLASTIC GLIOMA

Histological and molecular data
According to the WHO classification, which is based on morphological criteria, three histological subtypes of AG are described: Anaplastic astrocytoma (AA), anaplastic oligodendroglioma (AO), and anaplastic oligoastrocytoma also called mixed anaplastic glioma (AOA). [179] AGs with an oligodendroglial component account for 30-50% of all AG and can be divided into anaplastic AO and AOA. [82] The histological classification of AG is limited due to interobserver subjectivity often resulting in inaccurate pathological classification. [101, 112, 182] Anaplastic mixed glioma (AOA), with both astrocytic and oligodendroglial features, are particularly subject to high interobserver variation. [161] Different molecular subtypes are present within each histologic subtype of AG. [87] AA most often is characterized by nondeletion of 1p/19q, mutation of tumor protein p53 (TP53) and alpha thalassemia mental retardation X-linked gene (ATRX) and have the poorest prognosis amongst AG. By contrast pure AO typically presents with 1p/19q codeletion and isocitrate dehydrogenase 1 (IDH1) mutation and have the best prognosis amongst AG. [292] The radio-and chemosensitivity of AO appears linked to the presence of the 1p/19q deletion. [25, 51, 318] Molecular markers are becoming increasingly important in the management of AG, and may at times asssit in the determination of diagnosis. Additionally molecular markers have prognostic value and help to resolve the discrepancy between WHO classification and clinical outcomes. Lastly, they may be predictive with response to treatment. The molecular markers that currently are most informative with respect to either treatment or prognosis include 1p19q codeletion status (determined by fluorescence in situ hybridization [FISH] ), IDH1/2 mutation (determined by immunohistochemistry [IHC] ), O-6 methylguanine-DNA-methyltransferase (MGMT) promoter methylation (determined by polymerase chain reaction [PCR] ), and ATRX mutation (determined by IHC). [77, 182, 326] The frequence and the impact on OS of these markers in Radiation Treatment Oncology Group (RTOG) 9402 trial of anaplastic oligodendroglial tumors are described in Table 1 .
In the NOA-4 trial of AG (radiation therapy [RT] vs. CT), 1p/19q codeletion was detected in 40.9% of AG (14.9% of patients with AA, 77.4% of patients with AO, and 58.7% of patients with AOA). [318] In the recent RTOG 9402 and European Organization for the Research and Treatment of Cancer (EORTC) 26951 trials of AO and AOA tumors, 1p/19q codeletion was detected in 48% and 25% of the patients, respectively. [25, 51] 1p/19q codeletion was more frequent in AO (76%) than AOA (24%) in the RTOG 9402 study. [51] The 1p/19q codeletion has been identified as both a strong prognostic and predicitive factor in AG treated with RT, CT (TMZ or PCV), or both. [22, 25, 26, 30, 45, 51, 52, 58, 102, 112, 134, 136, 271, 290, 318] In the RTOG 9402 and EORTC 26951 trials, 1p/19q codeletion was a predictive factor for improved survival in AO or AOA patients treated with PCV and RT compared with RT alone and strongly support the prognostic and predictive roles of the 1p/19q codeletion. [25, 51] However, 1p/19q codeletion is a marker not a mechanism of sensitivy to treatment. [51] The IDH1 gene, a cytosolic enzyme, functions as a tumor suppressor that when mutationally inactivated contributes to tumorigenesis in part through induction of the hypoxia inducible factor-1 pathway. [339] IDH2
gene codes for a mitochondrial enzyme with a similar function. [335] More importantly IDH mutations contribute to gliomagenesis by the production of an oncometabolite, d-2-hydroxyglutarate, which inhibits deoxy-oxygeases that in turn modify chromation configuration. [75, 291] In the NOA-4 trial, IDH1 codon 132 mutations were detected in 65.6% of the patients (71% of AO, 73% of AOA, and 57% of AA) and IDH2 mutations were detected in only 3.1% of the patients. [318] In the EORTC 26951 trial, IDH1 mutations were observed in 46% of the patients with a confirmed AO at central review and in 86% of patients with 1p/19q codeletion. IDH2 mutations were rare (1/159; <1%). [27] In the EORTC study, IDH1 mutations were more frequent in younger patients, patients with a prior low-grade glioma, patients without necrosis, patients with frontal involvement, patients without epidermal growth factor receptor (EGFR) amplification, trisomy 7 or loss of chromosome 10. [27] Mutation of IDH1 has been reported as a positive prognostic factor in multiple studies. [25, 27, 47, 51, 99, 138, 318] In the NOA-4 trial, IDH mutations were associated with response to RT or CT. In the multivariate analysis, IDH1 mutation was the strongest prognostic factor as compared with 1p/19q codeletion, O-6 methylguanine-deoxyribonucleic acid (DNA)-methyltransferase (MGMT) promoter methylation, or histology. [318] In two other studies, a significant co-association was observed between IDH1 and MGMT promoter methylation status. An IDH1 mutation was observed in 58-62% in methylated tumors, as opposed to only 10-26% in unmethylated tumors. [27, 259] In the EORTC 26951 study, IDH1 mutations were also associated with 1p/19q codeletion. [27] In this study, the presence of IDH1 mutation showed a strong prognostic value but was not a predictive marker for the response to treatment to PCV. [27] There is preclinical data to suggest that IDH1 may represent a druggable target. [36, 75, 225, 249, 304] Expression of the DNA repair protein MGMT results in resistance of gliomas to alkylating and methylating agents. [28, 104] Methylation of MGMT promoter methylation can be detected in 55-80% of AO. [45, 47, 194] In the NOA-4 study, methylation of MGMT promoter was detected in 60.9% of the patients with AG and was more common in AO (71%) and AOA (70.7%) than in AA (50%). [318] In the EORTC 26951 study of AO and AOA, MGMT promoter methylation was observed in 80%. [25] A high level of methylation has been observed in AO up to 88% particularly in 1p/19q codeleted tumors. [44, 194] In the NOA-4 trial, MGMT promoter methylation was associated with 1p/19q loss in AO and AOA but not in AA. [318] In the EORTC 26951 study, the MGMT promoter methylation was also strongly associated with the 1p/19q codeletion. [28] It is generally agreed that MGMT promoter methylation in AG is prognostic but not predictive. [88, 214] In the EORTC 26951 trial, the prognostic significance of MGMT promoter methylation was equally strong in the both arms of treatment for progression-free survival (PFS) and OS. Though MGMT does not play a mechanistic role in the repair of RT-induced DNA damage, MGMT promoter methylation was correlated with a statistically and clinically significant increased PFS, including the control arm treated with RT only. [28] In this study, MGMT promoter methylation had prognostic significance only without any predictive value for response to adjuvant PCV CT. [28] Nevertheless, when IDH1 mutation status was added, the independant prognostic significance of MGMT was lost. [27] In NOA-4 trial, the prognostic significance of MGMT promoter methylation status was equivalent to 1p/19q codeletion, and the improvement in PFS in methylated patients was similar in patients treated with RT and CT. In this study, the efficacy of RT was improved in methylated tumors. These results suggest MGMT promoter methylation not only is a prognostic marker for good outcome but also may be a predictive factor for response to RT. [318] In conclusion, MGMT methylation is of prognostic significance in AG, but there are insufficient data to support a predictive value. [28] In a retrospective study, Wick explored the prognostic and the predictive value for PFS of MGMT promoter methylation in grade III/IV gliomas with or without IDH mutation. [319] In IDH1 mutated tumors, MGMT promoter methylation was associated with improved PFS with CT, combination CT + RT, or RT only groups, and thus showed prognostic value. In tumors without IDH1 mutation, MGMT promoter methylation was associated with increased PFS in patients treated with CT, but not in those who received RT alone as first-line treatment. This suggested CT was predictive in IDH1 wild-type MGMT promoter methylated HGG [ Figure 1 ]. [319] ATRX loss has been reported to be rare in oligodendroglial tumors [141, 177] and mutually exclusive with 1p/19q co-deletion. [139] ATRX loss has been detected in 40-73% of AA and 25-77% of mixed AOA, but was infrequent (7%) in AO. [139, 326] ATRX in conjunction with 1p/19q status may be diagnostically useful to classify mixed gliomas as either astrocytic or oligodendroglial glioma, and may as well be of prognostic value. In the prospective cohort of Wiestler, patients with astrocytic tumors harboring ATRX loss, that is, mutated have a significantly better prognosis than IDH mutant patients with astrocytic tumors who express ATRX, that is, wild type. [326] In the study of Wiestler exploring the distribution of ATRX status, the authors suggested grouping AA and mixed AOA without 1p/19q codeletion but with ATRX loss as "molecular anaplastic astroctymas" and AOA with 1p/19q codeletion and AO as "molecular oligodendroglioma." [326] Recent studies have evaluated the genetic landscape of AG by exome sequencing and identified frequent markers as IDH1 mutation, ATRX loss, TP53 in addition to mutations in the Notch pathway genes. [148] Subgroups of AG can also be identified according to their molecular status using an unsupervised analysis of gene expression profiling. [97, 274, 293] Intrinsic glioma subtypes (IGS) have been reported to correlate better with outcome as compared with histology. [98, 111, 171, 214, 223] Intrinsic glioma subtyping was performed for patients included in the EORTC 26951 study. All previously identified six IGS were observed confirming that different molecular subtypes co-exist within well-defined histologic subtypes of AG. After central pathology review, each histologic subtype still contained various IGS. In multivariate analysis, the IGS was a significant prognostic factor that was independent of clinical (age, sex, performance status [PS], tumor location and type of surgery), molecular (IDH1 mutation, MGMT promoter methylation, 1p/19q codeletion), and histologic (local diagnosis or central review diagnosis) parameters both for OS and PFS. [87] One subtype, IGS-9, characterized by high percentage of 1p/19q codeletion and IDH1 mutations, significantly benefited from PCV CT. Nevertheless, the prognostic value of IGS was lower than the prognostic values of other markers. Molecular markers such as IDH1 mutation or 1p/19q codeletion may be show a greater predictive value than IGS or histology. [112] The best characterized epigenetic event in cancer is DNA methylation at gene promoter regions. Cancers are frequently characterized by specific methylation patterns. Abberant methylation is usually associated with silencing and loss of function of the concerned genes. [6, 88] The prognostic role of DNA methylation at CpG sites (CpG island methylator phenotype; CIMP+) has been shown in glioma. [15, 28, 164] A link between CIMP status and genetic status (IDH mutation, 1p/19q codeletion, TP53 mutation) have also been demonstrated. [29, 71, 85, 164, 291] Three CIMP groups have been described in oligodendroglial glioma: 1p/19q codeleted CIMP+ tumors that are associated with the best prognosis, CIMP+ tumors usually nondeleted for 1p19q are associated with an intermediate prognosis and CIMP-tumors have by comparison a poor prognosis. [200] Using molecualr subtypes defined by gene expression of Verhaak, AG were preferentially assigned to the proneural, IDH-1 mutant, G-CIMP+ category. [115] In conclusion, molecular classification represents a major advance in prognostication of AG. [112] Histological data, commonly used to enroll AG patients in clinical trials, needs to be complimented by molecular data to insure better categorization of patients in trials. AG may now be classified into: Double positive (1p19q codeleted/IDH1 mutated or ATRX mutated), single positiv (1p19q nondeleted/IDH1 mutated, 1p19q codeleted/IDH1 nonmutated, ATRX mutated/IDH1 nonmutated, ATRX nonmutated/IDH1 mutated), and double negative (1p19q nondeleted/IDH1 nonmutated, ATRX nonmutated/IDH1 nonmutated).
Upfront treatment of anaplastic glioma
Since the early 1990s, initial therapy for newly diagnosed AO was PCV with or without RT. [170] The German randomized phase III trial NOA-4 compared the efficacy and safety of RT alone (A) versus CT with either PCV (B1) or TMZ (B2) as initial therapy in 274 patients with newly diagnosed AG including 130 patients with AO and AOA after initial surgery (resection or biopsy). [318] The design and the treatment assigned initially and at progression are detailed in Figure 2 . Brief interruption for toxicity were observed in 3% in arm A, and cycles were delayed because of hematotoxicity in 18% of cycles in arm B1 and 6% of cycles in arm B2. The median number of completed cycles was four for PCV (range, 1-5 cycles) and eight for TMZ (range, 0-12 cycles). Median time to tumor failure (TTF) was 42.7 months in arm A versus 43.8 months in arm B (P = 0.28). Median PFS was 30.6 months in arm A and 31.9 months in arm B (P = 0.87). Median OS was 72.1 months in arm A and 82.6 months in arm B. No difference was observed between patients treated with PCV or TMZ, in median TTF, PFS, and OS. Multivariate analysis showed that extent of resection (P = 0.0006), age less than 50 years (P = 0.0004), histology (P = 0.0237), IDH1 mutation (P = 0.0128), and MGMT promoter methylation status (P = 0.0172) were associated with TTF. AO and AOA share a similar and better prognosis compared with AA. In this study, initial RT or CT achieved comparable results in terms of PFS or OS. No difference in PFS between patients treated with PCV versus TMZ was observed, however, TMZ was much better tolerated.
The long-term results of the two randomized phase III studies (RTOG 9402 and EORTC 26951) changed the managment of newly diagnosed anaplastic oligodendroglial tumors. The aim of both studies was to determine the role of the addition of neoadjuvant or adjuvant CT with PCV to RT in the initial treatment as compared with RT only. In the RTOG 9402 trial, patients with newly diagnosed AO or AOA were randomly assigned to 4 cycles of neoadjuvant intensive PCV plus RT versus RT only. [134] The design is detailed in Figure 3 . The median number of neoadjuvant PCV cycles was 4 and only 46% of the patients received the 4 full cycles of PCV. PCV was stopped for toxicity in 20%, tumor progression in 17%. Ninety-five patients (64%) had a grade III or higher toxicity. RT was stopped in 10% of the PCV/RT arm and 5% of the RT arm. The most frequent and serious toxicities were myelosuppression, cognitive or mood change, neuropathy, vomiting, hepatic dysfunction, and allergic rash. [134] At progression, surgery rates were similar between the treatment arms (43% after PCV/RT vs. 56% after RT alone). Salvage CT rates differed between groups: 41% after PCV/RT arm versus 79% after RT alone (P < 0.001). [51] Early results from RTOG 9402, published in 2006 when 55% of the patients had died after a median follow-up of 38 months, showed that PFS was prolonged in the PCV/RT arm compared with the RT alone arm, and that patients with codeleted tumors lived longer. No difference was observed in terms of OS. [134] In the subsequent publication in 2013, after a median follow-up of 186 months, 72% of the patients had died, there was no difference for the entire cohort in median survival by treatment (4.6 years for PCV plus RT vs. 4.7 years for RT; P = 0.1). In patients with 1p/19q codeletion, OS was significanlty prolonged in the PCV/RT arm versus RT only arm (14.7 years vs. 7.3 years, P = 0.03). The results are shown in Table 2 . [51] In the EORTC 26951 trial, patients with newly diagnosed AO or AOA were randomly assigned to either RT or RT followed by 6 cycles of adjuvant PCV [ Figure 3 ]. PCV CT was started within 4 weeks after the completion of RT. The median number of PCV cycles was three; only 30% of the patients completed the intended six cycles. Most patients discontinued PCV prematurely for hematologic toxicity (33%) or tumor progression (24%). [26] The QoL analysis showed that patients in the RT/PCV arm had more frequent nausea/vomiting, loss of appetite, and drowsiness during and shortly after PCV CT. [289] At progression, surgery rates were 25% in the RT/PCV arm and 18% in the RT arm. Salvage CT was administrated in 52.5% (PCV, n = 18% or TMZ, n = 76%) in the RT/PCV arm and in 74.5% (PCV, n = 75% or TMZ, n = 54%) in the RT arm. [25, 26] Initial results of EORTC 26951 were published in 2006, when 217 (59%) of the patients had died. [26] In the first publication, after a median follow-up of 62.6 months in the RT/PCV arm and 59 months in the RT arm, 55.7% patients of the RT/PCV and 62.3% of the patients in the RT arm had died. An increase was observed in PFS in adjuvant treated patients without any significant difference in OS. In the publication of 2013, after a median follow-up of 140 months, 81% of the patients had been diagnosed with progression and 76.4% had died. Median PFS (24.3 vs. 13.2 months, P = 0.003) and OS (42.3 vs. 30.6 months, P = 0.018) were both significantly longer in the RT/PCV arm [ Table 2 ]. The correlation between survival and the 1p/19q codeletion, In a multivariate prognostic model with these three factors, IDH1 and 1p/19q were independently significant but not MGMT. In this study, the addition of six cycles of PCV after RT increased both PFS and OS in anaplastic oligodendroglial tumors irrespective of 1p19q deletion status. Tumors with 1p/19q-codeletion and IDH1 mutations were the only group to derive significant benefit from adjuvant PCV. [25] In both the RTOG and EORTC trials, the addition of PCV to RT significantly improved the survival, especially in the population of 1p/19q codeleted anaplastic oligodendroglial tumors and currently represents the SOC. The results of both studies suggest that neither the timing of PCV administration (immediatly before or after RT) nor the dose-intensity of the PCV schedule matter. [25] The phase III intergroup CODEL (N0577 EORTC 26081) study initially was designed to compare in newly diagnosed 1p/19q codeleted AG the efficacy of RT alone versus TMZ alone versus RT with concomitant and adjuvant TMZ. Enrollment had started across North America and in Europe. This trial was temporarily suspended in December 2011 and was revised as a result of the findings from the EORTC 26951 and RTOG 9402. The new design of CODEL compares RT + PCV to RT + TMZ (concurrent and adjuvant) with a small exploratory arm assessing TMZ only. The primary endpoint is PFS and enrollment commenced in 2013. This trial is of practical importance as currently it is unclear if RT + PCV is equivalent or superior to RT + TMZ and consequently its results may be practice changing. In the codeleted population, the prolonged OS in the recent updated RTOG and EORTC phase III trials (14.7 years in the the RTOG study and median OS not reached after a median follow-up of 11 years in the EORTC trial) led to a new French multicenter randomized phase III trial, POLCA. This trial is designed to determine whether treating newly diagnosed 1p19q codeleted AG with PCV alone (and delay of RT until recurence) versus RT + PCV can spare potential RT-related cognitive deterioration and achive similar results with respect to PFS and OS.
An important question regarding QoL is the respective roles of TMZ and PCV as they impact QoL in the initial treatment of AG. PCV CT has been reported as being more effective than TMZ in a large retrospective study, [168] but in several small single institution studies TMZ alone or in association with RT result in excellent response rates and an apparent survival benefit but with less toxicity than seen with PCV. [84, 102, 191, 288, 318] In many centers, TMZ is used as first-line CT in 1p/19q codeleted AOs notwithstanding lack of evidence that this approach is comparable to RT + PCV. [1, 83] Furthermore, TMZ has been reported as the most frequently used CT in AO and often substitutes for PCV among patients receiving CT alone or with RT (87% vs. 2% in [2005] [2006] [2007] . [1, 219] The main cohort or phase II studies evaluating TMZ in newly diagnosed AG are described in Table 3 . An important question is to determine whether the safety and the eficacy of RT-TMZ and RT-PCV regimen are equivalent as will be determined by the CODEL trial. The results of concurrent RT and TMZ have been reported in four series of patients: Two with pre-RT-TMZ followed by concurrent RT-TMZ, [191, 299] two with concurrent RT-TMZ followed by TMZ alone (up to 12 cyles). [149, 192] Two other cohorts have also reported the role of RT and CT in AG. [168, 267] The results are reported in Table 4 .
Until now, limited data regarding best upfront treatment is avaliable in uni-or nondeleted AG. In the cohort of AO or AOA, Lassman reported a longer median time to progression (TTP) following CT + RT (concurrent CT-RT, RT followed by CT or CT followed by RT) (3.1 years) than CT alone (TMZ or PCV) (0.9 years, P = 0.0124) or RT (1.1 years, P < 0.0001). OS was also better in the CT + RT group of patients (5.0 years) than CT (2.2 years, P = 0.02) or RT (1.9 years, P < 0.0001). [168] In the NOA4 trial, no difference was observed in time to second disease progression, the primary study endpoint, according to treatment allocation (CT alone vs. RT alone followed by crossover at time of first disease progression). [318] Both the EORTC and RTOG trials suggest that there was no benefit with addition of PCV to RT in noncodeleted AG. [25, 51] The only exception may be in IDH1 and ATRX mutated tumors. Consequently in uni-or nondeleted AG, no SOC is curently defined and there are no prospective data suggesting RT + TMZ should be recommended for these patients.
The CATNON trial (concurrent and adjuvant TMZ CT in non-1p/19q codeleted AG; EORTC 26053-22054) is an ongoing phase III multicenter trial (Europe, Australia, and North America), which will inform as to the contribution of TMZ and RT in patients with nondeleted AG tumors. This study is comparing the efficacy of OS of RT only to RT + TMZ (concomitant and adjuvant) to RT followed by adjuvant TMZ to RT with concomitant TMZ in patients with non-1p/19q deleted newly diagnosed AG. The design of CATNON is detailed in Figure 4 .
In conclusion, in the population of newly diagnosed AG and in patients with 1p/19q codeletion, the SOC is currently RT + PCV. [25, 51] The role of TMZ remains to be determined. In the 1p/19q noncodeleted population of AG, there does not appear to be benefit with addition of PCV to RT and there is insufficient data to recommend concomitant RT and TMZ. In this population, the standard initial treatment remains RT or CT alone. [25, 51, 318] 
Treatment of recurrent anaplastic glioma
The treatment of recurrent AG requires a consideration of patient age and PS, the magnetic resonance imaging (MRI) characteristic of the glioma at progression (local, diffuse, eloquent location or not), response to initial treatment, and time between initial treatment and first progression. When feasible re-resection is often suggested notwithstanding limited data to suggest benefit from repeat surgery. Occasional patients may be candidates for re-irradiation but again there is a paucity of data to commend this therapy and only a minority of selected patients are eligible for this approach. Consequently systemic therapy continues to be the most often utilized treatment in recurrent HGG.
No SOC regarding choice of CT is universally agreed upon for the treatment of recurrent AG. In NOA-4, patients initially treated with TMZ or PCV received RT at first progression. In patients initially treated with RT, at first progression patients were treated with either TMZ or PCV. [317] In the EORTC 26951 and RTOG 9402, different CT regimens (TMZ or PCV depending upon initial treatment) were used at progression. In general, a similar CT philosophy (rechallenge with TMZ, lomustine or PCV, or BEV) is used for recurrent AG as is used for recurrent GB as is discussed below. [25, 51] In the EORTC 26972, a phase II prospective nonrandomized trial, the role of TMZ in recurrent AO and AOA after prior PCV CT and RT was investigated. Twenty-eight evaluable patients, enrolled following first recurrence after prior adjuvant RT + PCV or adjuvant RT followed by PCV administered at first recurrence, received TMZ for 12 cycles. In patients with proven anaplastic oligodendroglial pathology, the response rate was 25% (7/28; 95% CI 11-45%). Median time to progression for responding patients was 8.0 months. Of the 24 patients evaluable for response to prior PCV CT, 12 (50%) had initially responded to PCV (5 complete response and 7 partial responses). No difference was observed in response rate to TMZ regardless of prior PCV response. [24] The role of BEV in the treatment of recurrent AG remains to be determined. The available data for patients with AG treated with BEV are derived primarily from retrospective studies that demonstrate response rates from 15% to 79%, median PFS from 5.0 to 13.4 months, and median OS from 6.8 to 12.6 months [63, 64, 80, 105, 128, 160, 195, 211, 226, 236, 262, 266, 287, 341] [ Table 5 ]. Interpretation of these data is difficult because the studies often combined WHO grade III and IV tumors and described a variety of combinations of BEV with other cytotoxic drugs such as irinotecan (IRI), carboplatin, and TMZ. In a phase II trial, Kreisl assessed the activity of BEV as single agent in 31 patients with . At study entry, 58% of patients were on steroids. Thirteen (43%) patients achieved a partial response. Median PFS was 2.93 months (95% CI: 2.01-4.93), 6-month PFS was 20.9%, and median OS was 12 months. Of the 31 patients in this study, 6 had an OS greater than 24 months. The most common grade ≥3 treatment-related toxicities were hypertension, hypophosphatemia, and thromboembolism. [160] In historical controls, patients with recurrent AG have a median survival of 9-11.8 months and a median PFS 2-6 months. [167, 332] Ongoing trials will help to determine the role of BEV in recurrent AG. The EORTC 26091 randomized trial, TAVAREC (NCT01164189), will determine whether TMZ is more effective when given with or without BEV at first recurrence in tumors that demonstrate contrast enhancement by MRI, in patients with either initial grade II or III noncodeleted glioma. In this study, TMZ will be administered orally on day 1-5, 150-200 mg/m², and will be repeated every 4 weeks up to 12 cycles. BEV will be administrated at a dose of 10 mg/ kg bodyweight on day 1 and day 14 of a 4-week cycle and administered up to 12 cycles. The aim is to establish the activity of TMZ alone or when combined with BEV in patients with recurrent grade II or grade III glioma without 1p/19q co-deletion. The primary objective is OS at 1 year. Secondary objectives include safety, QoL, and cognition.
GLIOBLASTOMA
Histological data and molecular data
GB is considered by the WHO classification as a single histological entity including described variants such as gliosarcoma, GB with oligodendroglial features, and small cell GB. Nonetheless considerable variability in the response to treatment and in prognosis is observed. [187, 306] Molecular markers and gene expression profile now compliment the WHO classification and assist with respect to prognostication. Two molecular markers are of particular interest: The MGMT promoter methylation status and the presence or absence of the IDH 1 mutation.
MGMT is a single enzyme DNA repair protein that removes alkylation or methylation adducts from the O6 position of guanine, a cytotoxic lesion induced by alkylating agents. Methylation of the MGMT gene promoter results in epigenetic translational silencing of the methyltransferase, resulting in increased tumor senstivity to alkylator-induced genotoxic injury. MGMT promoter is methylated in 32-45% in newly diagnosed GB. [69, 107, 109, 121] Additionally, MGMT status appears to be retained in recurrent GB. [92, 110, 307] Various methods for MGMT testing have been evaluated. [31, 78, 227, 228, 232] Methylation-specific PCR is recognized as the method of choice for the evaluation of the MGMT status. [130, 307, 308] The prognostic role of the MGMT promoter methylation status in GB is now well established. [129, 130, 281] The predictive role of MGMT promoter methylation and response to TMZ has also been established in several studies. [109, 121, 246, 308] Nevertheless and despite its prognostic and predictive value, the clinical utility of MGMT remains poor primarily because of the lack of therapeutic options for patients with unmethylated GB. The only exception regarding the clinical utility of MGMT determination is in the management of elderly patients with GB. Indeed, two randomized trials in newly diagnosed elderly GB patients demonstrated that a methylated MGMT promoter is predictive for benefit from TMZ alone compared with RT alone. [181, 321] In elderly patients considered for treatment with RT or TMZ alone, MGMT testing should be determined to assist in treatment decision making. [307] Although primary and secondary GBs are histomorphologically identical, these tumors develop though different genetic pathways. The status of the IDH 1/2 (mutation or wild type) distinguish between primary (IDH wild type) and secondary GB (IDH mutated). Point mutations at codon 132 of IDH1 and codon 172 of the IDH2 gene occur in more than 80% of low-grade gliomas and secondary GB, which represent a minority of all GB (<8%). [115, 130, 209, 259, 335] IDH1/2 mutations result in the production of d-2-hydroxyglutarate, a oncometabolite, instead of α-ketoglutarate. [75, 291] Furthermore the IDH status does not appear to change during the progression from lower grade glioma to secondary GB. [130] Mutated IDH can easily be detected by IHC or PCR/sequencing, and magnetic resonance spectroscopy may also detect d-2-hydroxyglutarate associated with IDH1/2 mutant tumors. [55, 70, 130, 307] IDH1 mutations, or less frequently IDH2 mutations, have been shown to be a prognostic marker in HGG. [130, 209, 259, 335, 340] Mutations in the telomerase reverse transcriptase (TERT) promoter occur in 74.2% of all GB. Patients with TERT promoter mutations are predominately primary GB and are associated with a poor OS (11.5 months). Patients with IDH1/2 mutations and therefore secondary GB are associated with an intermediate survival (57 month OS). Patients with GB manifesting both TERT promoter and IDH1/2 mutations predominately exhibit GB with oligodendroglial features and exhibit the longest survival (median OS of 125 months). [147] However, no predictive role of IDH1 status has been determined and consequently treatment of a secondary GB is similar to that of a primary GB. [130, 307] IDH1/2 wild-type GB by contrast undergo further genomic changes at recurrence. [246] Importantly, IDH mutations are expressed only in tumor cells and appear to be a druggable target. There is currently a single drug that targets mutated IDH1 (AG-210) and new trials with this agent are just commencing. [36, 75, 225, 249, 304] Other markers are of interest in GB include the ATRX mutation, which is observed in 57% of the secondary GB. [139] The tumor-specific epidermal growth factor receptor variant III (EGFRvIII), present in 20% of primary GB, is another potential druggable target. Expression of EGFRvIII results in constitutive activation of the receptor's tyrosine kinase activity and is the antigen target of the peptide vaccine rindopepimut. [14, 124, 130, 331] BRAF mutations, another druggable target, have been found especially in the epitheloid variant of primary GB (a rare and uniform morphologic subtype of GB). [130, 154, 206] The genetic alterations in primary and secondary GB are outlined in Table 6 .
Verhaak et al. using The Cancer Genome Atlas (TCGA) data, defined a novel gene-expression-based molecular classification of GB that includes classical, mesenchymal, proneural, and neural subtypes. Aberrations and gene expression of EGFR, Neurofibromin 1 gene (NF1), and platelet-derived growth factor receptor A (PDGFR-A)/ IDH1 each define the classical, mesenchymal, and proneural subtypes, respectively. The classical subtype is characterized by EGFR amplification and the absence of p53 mutations and PDGFR-A amplification. The mesenchymal subtype is characterized by deletions or mutation of NF1. The proneural subtype is characterized by IDH1 and p53 mutations and PDGFRA amplification. The neural subtype was typified by the expression of neuronal markers. The molecular subtypes have been shown to be associated with differing survival and varying response to therapy with the best outcome seen in the proneural subtype. [50, 174, 294] In a recent cohort of 941 HGG, 32.73% were proneural, 15.09% neural, 19.77% classical, and 32.41% mesenchymal. [174] Proteomic analysis have also revealed three subtypes of expression and activation of proteins in glioma-relevant signaling pathways associated with EGFR activation, PDGFR activation and loss of the RAS regulator NF1 [ Table 7 ]. [49] Upfront treatment of glioblastoma
Standard of care
The current SOC for patients with newly diagnosed GB is maximum safe surgical resection followed by concurrent TMZ ( of Canada (NCIC) Clinical Trials Group, in which both PFS and OS were improved with combination therapy (RT + TMZ) relative to RT only. [281] Furthermore this trial in a retrospective analysis seggregated outcome of GB by MGMT methylation and showed improved outcome in the subset with methylated MGMT promoter regardless of treatment (RT or RT + TMZ) and as well, markedly improved outcome in this cohort with combination therapy. [121] This improvement in methylated tumors with receipt of RT + TMZ was recapitulated in the RTOG 0525 study. [109] Notwithstanding these findings all new GB continue to be treated with combination therapy (RT + TMZ) despite the limited if any benefit of this therapy (RT + TMZ) in the larger cohort of GB patients with unmethylayed MGMT tumors.
Elderly glioblatoma
The elderly, defined as individuals aged >65 years, comprise at least 20% of newly diagnosed GB patients. [60] In a retrospective cohort of 293 patients older than 65 years, multivariate analysis revealed a benefit for the RT+ concomitant and adjuvant CT (TMZ) treatment. [23] Importantly this group of patients were not evaluated in the above-mentioned EORTC/NCIC trial as inclusion criteria mandated age to be <71 years, consequently the value of RT + TMZ has never been prospectively evaluated. [133] Two randomized studies in elderly patients first demonstrated that involved-field fractionated RT (50 Gy in 28 fractions) is superior to supportive care only (median survival: 7 vs. 4 months) and that conventional fractioned RT (total dose 60 Gy in 30 fractions) is comparable to hypofractionated RT (40 Gy in 15 fractions). [144, 248] The German NOA-08 study demonstrated that upfront dose dense TMZ (TMZ 100 mg/m 2 /day for 7 consecutive days every 14 days, dose dense temozolomide [ddTMZ]) was noninferior to conventional fractioned RT (60 Gy in 30 fractions) alone in elderly patients with HGG (defined as age >65 years, Karnofsky performance status [KPS] ≥60), with median survival of 8.6 vs. 9.6 months. [321] As, the RTOG 0525 and Medical Reseach Council studies demonstrated no survival benefit to post-RT ddTMZ [38, 109] and noted the increased toxicity of ddTMZ regimens compared with sdTMZ, [60, 305] there is now general agreement that sdTMZ is the preferrable and equivalent TMZ drug schedule. The randomized Nordic trial compared sdTMZ to standard dose RT (60 Gy in 30 fractions) to hypofractionated RT (30 Gy in 10 fractions) in elderly GB patients (defined as age >60 years and PS ≥50) and demonstrated that TMZ and hypofractionated RT were superior to standard dose RT (median survival 8.3 vs. 7.5 vs. 6 months) and should be considered as standard treatment options in these patients. [181] Based on these prospective studies, it would appear that treatment with either sdTMZ or hypofractionated RT is equivalent for elderly GB patients. Both studies suggested that TMZ is particularly beneficial in the MGMT-methylated tumour subset, and consequently MGMT promoter methylation status in elderly patients is recommended as it determines treatment allocation (hypofractionated RT only for unmethylated tumors; TMZ only for methylated tumors). The currently open and randomized NCIC/ EORTC (NCT00482677) phase III study of TMZ and short-course (hypofractioned) RT versus short-course RT alone in the treatment of newly diagnosed GB in elderly patients (>65 years of age, PS 0-2) is exploring the role of combination treatment in this population.
Two French studies evaluated treatment options in elderly GB patients with a poor PS. In the first single arm multi-institutional phase 2 study, patients with GB, age >70 years, 90% biopsy only and KPS <70, sdTMZ only treatment resulted in a median OS of 6 months. [220] In another study, no benefit of adding BEV to sdTMZ upfront was found. [244] The role of BEV and TMZ in elderly patients (≥70) with a newly diagnosed GB and a ≥60 PS score is currently ongoing in a USA phase II study (NCT01149850). Another randomized study (NCT01443676) is exploring the efficacy of BEV combined with RT compared with RT alone in the treatment of newly diagnosed GB in the elderly (age ≥ 65 years) with a > 60 PS status. The different treatment options in elderly GB patients and treatment results are outlined in Table 8 . Importantly in this population, treatment should be adapted according to the general status of the patients with consideration of PS and co-existing medical comorbidities.
Dose of temozolomide
Dose dense schedules of TMZ (ddTMZ; alternating 7-days-on, 7-days-off [7/14] and 21-days on 7 off [21/28]) have been designed to deplete tumor MGMT levels and thereby improve activity of TMZ particularly in the MGMT unmethylated GB cohort. Nonrandomized studies in progressive or recurrent disease first reported treatment efficacy that compared favorably with the established sdTMZ schedule without an increase in treatment-related toxicity. [38, 314] sdTMZ (n = 112) was then compared in a randomized study to ddTMZ (n = 111) or PCV (n = 224) in first recurrence after RT only in CT-naive HGG. [38] Toxicities were similar between the three groups. Survival was not different between PCV and TMZ. Three-month PFS were similar while comparing sdTMZ and ddTMZ (P = 0.745), but sdTMZ improved overal PFS (P = 0.023) and global QoL (C30 EORTC QoL questionnaire) (P = 0.005).
The RTOG 0525 phase III trial prospectively compared the sdTMZ schedule and the ddTMZ schedules in the post-RT adjuvant setting. A total of 833 patients were initially treated with RT (60 Gy administered in 2 Gy fractions) and concomitant TMZ. After completion of concomitant chemoradiotherapy, patients were randomly assigned to sdTMZ (n = 411) or ddTMZ (75-100 mg/m2 days 1 through 21 of a 28-day cycle) (n = 422) for 6-12 cycles. The median OS (16.6 vs. 14.9 months, P = 0.63) and the median PFS (5.5 vs. 6.7 months, P = 0.06) were not significantly different between the two arms of treatment. As mentioned above, patients with a MGMT promoter methylated tumor had improved OS (21.2 vs 14 months, P < 0.001) and PFS (8.7 vs. 5.7 months, P < 0.001), but without any significant difference between the two post-RT TMZ treatment arms. Treatment was interrupted for toxicity or intercurrent illness in 49 patients (12%) on the sdTMZ and 94 patients (22%) on the ddTMZ arm. There was increased grade ≥3 toxicity in ddTMZ arm (34% vs. 53%, P < 0.001). [109] Moreover, a greater deterioration was observed in the dose-dense arm from baseline to cycle 4 in the Global Health and Motor Function subscales (EORTC QLQ-C30/BN20) as well as in overall symptom burden, overall symptom interference, and activity-related symptom interference subscales (MDASI-BT). [10] These results were practice changing as now the sdTMZ regimen is recommended in essentially all glioma treatment scenarios. [305] 
Length of post-RT TMZ treatment
The defined length of the TMZ adjuvant phase is 6 months based on the results of the EORTC/NCICC trial wherein only 47% of patients were able to complete the prescribed 6-month post-RT TMZ treatment. [281] However and despite no data to support longer post-RT TMZ treatment, 12-month adjuvant treatment is often employed particularly in the USA. Currently no trial has yet to compare differing durations of post-RT TMZ in a randomized fashion and only several retrospective cohorts have assessed the role of additional cycles of TMZ with respect to survival. Reportedly good tolerance without significant toxicity following prolonged adminsitration of TMZ (12 months) was reported in a cohort of 46 patients. Similar findings were seen in a small cohort of three patients treated with 90 months of post-RT TMZ. [146, 180] Severe hematological toxicity due to TMZ when seen occurs early as with most cytotoxic systemic chemotherapies. [265, 296] In series of small case reports, prolonged administration of adjuvant TMZ was reported in newly diagnosed GB. [76, 120, 250, 265] The median PFS ranged from 7 to 28.4 months. [76, 120, 250, 265] In another retrospective study, a total of 114 patients with newly diagnosed GB were treated with chemoradiotherapy followed by adjuvant TMZ until progression or toxicity. A median of 6 cycles (range, 1-57) of adjuvant TMZ was administered. PFS and OS directly correlated with the amount of TMZ cycles (each P < 0.0001). [265] In another retrospective cohort evaluating 52 patients with newly diagnosed GB, TMZ for more than 6 cycles was an independent prognostic factor for both PFS and OS. [250] In a French retrospective study, the PFS in patients receving 6 cycles of TMZ (n = 38) and in patients receiving at least 9 cycles (n = 20) were 82.9% versus 100% at 12 months, 52.5% versus 73.3% at 18 months, 25.7% versus 65.9% at 24 months, and 11.0% versus 43.5% at 36 months, respectively. Prolonged treatment improved PFS (P = 0.03) and OS (P = 0.01) in multivariate analysis without a significant increase in toxicity. [76] Nevertheless, numerous bias are inherent in these nonrandomized cohorts as, for example, only patients with a response or a stable disease at the end of the sixth cycle of TMZ were selected for prolonged TMZ treatment, whereas in the initial trial of Stupp, 53% of patients did not complete the planned 6 cycle of post-RT TMZ (with 22% of them never starting on adjuvant TMZ). [281] In addition data on other prognostic factors (age, extent of resection, PS) are often not avaliable.
Gliadel (carmustine) implantable wafers
Biodegradable carmustine (BCNU) wafers, implanted into the tumor bed after near or complete tumor resection, has been approved by the US Food and Drug Administration (FDA) for first-line treatment of GB and AG. Nevertheless, the use of carmustine wafers remains controversial due to the questionable survival benefit and potential adverse events. [46] The role of the carmustine wafers was explored in a single phase III trial in patients with newly diagnosed GB. A total of 240 patients were randomly assigned to either BCNU or placebo wafers at the time of primary surgical resection. All patients were treated with RT only after surgery. The median OS were 13.9 vs. 11.6 months (P = 0.03) in the BCNU wafer and the placebo group, respectively. A 29% absolute reduction in the risk of death was seen in the treatment group. In multivariate analysis, the carmustine wafer treatment effect remained positive with a risk of reduction of 28% (P = 0.03). Time to decline in KPS and neurocognitive measures (determined by mini-mental status examination) were statistically prolonged in the BCNU wafer treated group (P ≤ 0.05). Cerebrospinal fluid leak and intracranial hypertension were more frequent in the BCNU wafers groupe (5% vs. 0.8% and 9.1% vs. 1.7%, respectively). [312] However, this study had several methodological problems and the frequency of adverse events such as brain edema, infection, and seizures, precluded wide adoption of this treatment. [217] Furthermore, when central pathology review was performed and patients were excluded if non-GB histology was determined, the OS benefit between the two arms disappeared suggesting little benefit to BCNU wafer implanation. In addition, the study was designed before the adoption of the now standard RT and TMZ treatment for newly diagnosed GB. A randomized study comparing the RT + TMZ with or without carmustine wafers has never been performed although numerous retrospective and prospective single arm studies have evaluated the combination carmustine wafers, TMZ and RT. [4,13,33,35,59,11 6,153,169,184,185,190,210,218,257,258,311] Several reviews have also been published. [46, 81, 117, 221, 255, 256] In a review of the literature by Bregy, 19 studies with 795 patients were evaluated in whom carmustine wafters were used in conjunction with RT + TMZ. Survival appeared modestly improved and varied from 8.7 to 22.8 months, with a mean of 16.2 months. An adverse event ratio was calculated by computing the number of adverse events in the study per patient receiving carmustine wafers. In this review, the rate of complications was 42.7% suggesting that Gliadel wafers should be used with caution. [46] A decision to combine Gliadel with RT + TMZ should be determined on a case by case basis recognizing there is no defined sub-group of patients that benefit from such an approach. It is highly unlikely a randomized trial will be conducted to determine the utility of this approach.
Bevacizumab in newly diagnosed GB
BEV, a monoclonal antibody that targets vascular endothelial growth factor (VEGF) when used for recurrent GB, has resulted in the best response and 6-month PFS (PFS-6) rates when compared with previously used therapies as discussed below. [107, 305] Consequently it was rationale to assess BEV in the upfront setting of newly diagnosed GB.
Two single institution phase II trials evaluated the role of BEV in newly diagnosed GB. In the study by Lai (concomitant RT, TMZ, and BEV followed by adjuvant TMZ and BEV) the median PFS was 13.6 months and the median OS was 19.6 months. In the study by Vredenburgh (concomitant RT, TMZ, and BEV followed by adjuvant TMZ, BEV, and IRI), the median PFS was 14.2 months and the median OS was 21.2 months. [165, 302] In both studies, comparison with contemporary institutional historical controls demonstrated an improvement in PFS but not in OS.
Three prospective randomized trials of upfront BEV have been completed and replicate the findings of the above-mentioned single arm phase II trials [ Table 9 ]. The upfront GLARIUS study was designed based on the results of the study by Friedman in recurrent GB that showed promising efficacy of the combination of BEV plus IRI (BEV/ IRI) with a PFS-6 of 50%.
[100] The randomized (2:1) phase II GLARIUS study compared the combination of BEV/IRI versus TMZ as first-line therapy in MGMT nonmethylated GB. [127] Patients were randomly assigned to BEV 10 mg/kg q2w and concomitant RT (60 Gy, in 2 Gy fractions) followed by BEV 10 mg/kg q2w and concomitant IRI 125-340 mg/m 2 q2w (BEV/IRI) until progression (n = 119 patients) or standard treatment with TMZ 75 mg/m 2 /day and concomitant RT (60 Gy, in 2 Gy fractions) followed by sdTMZ for 6 cycles (n = 66). The PFS-6 was significantly higher in BEV/IRI arm (79.8% vs. 41.3%, P < 0.0001). Median PFS were 9.74 versus 5.99 months, respectively, in the BEV/ IRI group and the TMZ group, P < 0.0001. The mean daily steroid dose was lower in BEV/IRI arm than in TMZ arm. The preliminary data on OS showed a median of OS 16.6 months in 49.1% of patients in the BEV/IRI arm and 14.8 months in 49.1% of patients in the TMZ arm, P = 0.031. A higher rate of severe vascular events was observed in the BEV/IRI group and a higher rate of severe hematotoxicity was observed in the TMZ arm. In this study, BEV/IRI was superior to sdTMZ in newly diagnosed patients with MGMT nonmethylated GB. [127] The RTOG 0825 study was a randomized phase III double-blind placebo-controlled trial evaluating BEV with or without SOC in patients with newly diagnosed GB. The co-primary objectives were OS and PFS. The secondary objectives included a comparison of toxicity, symptom burden, health-related (QoL) and neurocognitive function. The study design is detailed in Figure 5 . A total of 637 patients were randomly assigned to receive either placebo (317 patients) or BEV (320 patients). At progression, salvage treatment was administrated in 56.1% of the patients in the BEV arm and in 71.9% in the placebo arm. Among these patients, BEV was continued in 25.5% in the BEV group and was administered in 48.3% of the control group. A trend for longer PFS was observed in the BEV group (10.7 vs. 7.3 months, P = 0.07). The median OS were similar in both groups (median, 15.7 and 16.1 months, P = 0.21). MGMT promoter methylation status was prognostic regardless of the treatment assignment. The nine-gene assay, designed in the RTOG 0525 trial and believed to profile the mesenchymal molecular subtype of GB, was not prognostic in either treatment arm. The significant prognostic value of the RTOG Recursive Partitioning Analysis (RPA) class was confirmed in this study both with respect to OS and PFS. The most common serious adverse events observed with BEV arm were hypertension, thromboembolic events, wound dehiscence, serious hemorrhage, intestinal perforation, and neutropenia. Importantly in this study, were significantly more frequent over time in the BEV treated group. These analyses were restricted to patients who were deemed to be progression-free at the time of the assessment. The study concluded that OS was not improved by upfront use of BEV and PFS though prolonged in the BEV group did not reach the prespecified improvement target. Thus, the use of BEV as first-line or as salvage therapy were equivalent in OS, and no clear benefit of initial treatment with BEV was demonstrated. [107] The AVAglio study, another double-blind randomized phase III trial of BEV plus TMZ and RT in newly diagnosed GB, is outlined in Figure 5 . In this study, the two co-primary objectives were investigator assessed PFS and OS. The secondary objectives included PFS assessed by an independant review facility, the 1-and 2-year OS rates, QoL measures, and safety. A total of 458 patients were assigned to the BEV group, and 463 patients to the SOC group. [69] The pattterns of radiographic disease progression were similar between treatment arms. [316] At progression, salvage treatment was administrated in 62% of the patients in the BEV arm and in 69.3% in the placebo arm. Among these patients, BEV was continued in 23.6% in the BEV group and was started in 31.1% in the control group. The median PFS was significantly longer in the BEV group than in the placebo group (10.6 vs. 6.2 months, P < 0.001); however, the median OS did not differ between groups (16.8 and 16.7 months, respectively, P = 0.10). The respective OS rates with BEV and placebo were 72.4% and 66.3% at 1 year (P = 0.049) and 33.9% and 30.1% at 2 years (P = 0.24). The benefit in PFS with BEV according to the independent review was consistent with the benefit accorded by the investigator assessment. PFS and OS were not different between the two arms based on the MGMT promoter methylation status nor did other prognostic factors such as the extent of surgery, performance, age, and the RPA classification affect the results. The most common serious adverse events observed with BEV arm were hypertension, arterial thromboembolic events, proteinuria, and noncerebral hemorrhage. Grade 3-5 adverse events were observed in 51.3% of cases in the TMZ only arm and in 66.8% in the BEV arm, and grade 3 or higher adverse events were more often associated with BEV (32.5% vs. 15.8%).
Health-related QoL was explored by deterioration-free survival (DFS), including progressive disease as an event and time to deterioration (TTD) not including progressive disease as an event. In both cases, the global health status (QLQ-C30 and BN20) was better preserved in the BEV arm (P < 0.0001 and P = 0.0041 for DFS and TTD, respectively). The functional status (PS) was also better preserved in the BEV arm (P < 0.0001 and P = 0.0153 for DFS and TTD, respectively). The median time to corticosteroid initiation in patients off corticosteroids at baseline was shorter in the group without BEV (3.7 vs. 12.3 months, P = 0.0018). The rate of corticosteroid discontinuation in patients on steroids at baseline was 45% in the placebo group and 61% in the BEV arm. The neurocognitive function (as assessed by mini-mental status) did not differ between arms. AVAglio concluded the addition of BEV significantly improved PFS, with better preservation of QoL but the final OS analysis did not reach statistical significance. [69] The two trials, RTOG 0825 and AVAglio, were similar in design, patient characteristics, and the primary end points of PFS and OS. [94] Nevertheless, some methodological differences were oberved: In the RTOG 0825 study, patients who had undergone a biopsy were excluded, whereas biopsy patients could be randomized in the AVAglio trial; stratification factors differed between the two studies (MGMT status and molecular profile in the RTOG study vs. RPA class and geographic region in the AVAglio study); RT had to start within 3-5 weeks in RTOG study versus 4-7 weeks in AVAglio, BEV was initiated 3 weeks postinitial RT + TMZ in RTOG 0825 versus at initiation of RT + TMZ in AVAglio; BEV was not interrupted after RT in RTOG 0825, whereas a 4-week treatment break following completion of RT was used in AVAglio; the duration of post-RT therapy differed (a maximum of 12 cycles of TMZ + BEV was adminsitrated in RTOG 0825 vs. 6 cycles of TMZ + BEV followed by BEV only until disease progression in AVAglio). The radiological criteria also differed between the two studies: The adapted Macdonald response criteria, which anticipated some of the key features of the Response Assessment in Neurooncology (RANO) criteria were used in AVAglio versus standard Macdonald response criteria in RTOG 0825. [69, 107] In both trials, the PFS was prolonged by 3-4 months in the BEV arms, but no difference was observed in OS. [94, 309] The gain in PFS was statistically significant in AVAglio but not in RTOG 0825. In both studies, nearly one-third of the patients in TMZ only arms reveived BEV at progression. [94] No particular subgroup, as defined by age, extent of resection, MGMT promoter methylation status, or the nine-gene assay used in the RTOG study derived benefit from BEV. Safety and tolerability data were comparable between the two trials. [309] The major difference between the two trials were the contradictory results on cognitive function and QoL. Whereas the RTOG 0825 trial showed a worsening of QoL and a decline in cognitive function before progression in the BEV arm, the AVAglio trial showed decreased steroid use, improvement in or prolonged maintenance of QoL and PS until progression in the BEV arm. [69, 107, 309] Despite methodological differences between the two studies, no clear reason was found to explain the divergence in QoL and cognition. [94] In a prospective trial of single agent BEV in recurrent GB, stabilization only was observed in health-related QoL and cognition in patients with a radiographic response to BEV not dissimilar to the conclusions of the RTOG 0825 study. [100] The use of updated imaging criteria in AVAglio limited the possibility of unrecognized progression that may be associated with a decline in QoL or neurocognitive function. [69] However, AVAglio was limited in assessing neurocognitive function based on the simple instruement used, that is, the mini-mental status examination. The deterioration observed in the RTOG 0825 study may suggest either unrecognized tumor progression or BEV-related neurotoxicity. The possible effect on health-related QoL and cognition of BEV or the combination BEV + RT remain unclear. Because use of BEV at GB disease progression seems not to be associated with diminished efficacy, [224] the data on QoL and cognition [94] as well as the lack of biomarkers predictive of response constitutes a major concern in the decision to use BEV as initial therapy in GB.
The prognosis of unresectable GB is particularly poor, with a median survival of 6-10 months. [137, 208, 231, 278, 281] The role of the upfront combination of BEV + TMZ was explored in a French association des neurooncologues d'expression française (ANOCEF) phase II trial for unresectable or multifocal GB. [178] A total of 41 patients were included and received up to 4 cycles TMZ at 200 mg/m 2 on days 1-5, and BEV at 10 mg/kg on days 1 and 15 of a 28-day cycle. Partial responses were observed in 24.4%, stable disease in 68.3%, and progressive disease in 2.4%. The median OS was 11.7 months, and the 6-month OS and 12-month OS were 70.7% and 48%, respectively. Treatment-related toxicities included seven grade 4 toxicities and one grade 5 toxicity. The response rate after neoadjuvant treatment was also evaluated in another randomized phase II trial comparing BEV/IRI versus BEV + TMZ, before, while and after standard RT in newly diagnosed GB. Response rate were 23% and 32%, respectively, in the BEV/IRI group and in the BEV + TMZ group. The median PFS were 7.3 and 7.7 months, respectively, in the these groups, the median OS were 15.1 and 11.8 months, respectively. [131] A randomized phase II trial (NCT01022918) failed to demonstrate an improvement in 6-month PFS while comparing BEV/ IRI as neo-adjuvant and adjuvant treatment combined with TMZ-based chemoradiation in 120 patients with unresectable GB. [67] Whether neoadjuvant therapy is a promising strategy requires further validation.
Other systemic agents in newly diagnosed GB
Cilengitide, a selective αvβ3-αvβ5-integrin inhibitor, had shown promising results in phase II trials, [201, 238, 279] with benefit more pronounced in GB with methylated MGMT promoter. In the multicenter randomized open-label controlled phase III study CENTRIC, Cilengitide was combined with standard treatment for newly diagnosed GB only in patients with a methylated MGMT gene promoter. 3 months in the control group, P = 0.8623. Median PFS, assessed by the investigator, was 13.5 months in the Cilengitide arm and 10.7 in the control arm, P = 0.4570. Median PFS, assessed by an independent reviewer, was 10.6 months in the Cilengitide arm and 7.9 in the control arm, P = 0.918. Observed toxicity was consistent with previous reports of Cilengitide in recurrent GB. In conclusion, Cilengitide in the CENTRIC study did not improve PFS or OS and there was no subgroup of patients identified that sustained a clinical benefit from antiintegrin treatment. OS of this population with methylated MGMT promoter was comparable to prevoius reports. [280] The CORE study was an open-label controlled randomized phase II study evaluating Cilengitide in combination with standard treatment for patients with newly diagnosed GB with unmethylated MGMT promoter. A total of 265 patients were randomized (89 in the control group, 88 in the Cilengitide, and 88 in the intensive Cilengitide group). Median OS was 13.4 months in the control group, 16.3 months in the Cilengitide group (P = 0.033 vs. control), and 14.5 months in the intensive group (P = 0.38 vs. control). Median PFS per independent reviewer assessment was 4.1 months with control, 5.6 months with Cilengitide (P = 0.23 vs. control), and 5.9 months with intensive cliengitide (iP = 0.16 vs. control). Safety results were in line with the known Cilengitide safety profile. Cilengitide combination treatment showed a nonsignificant trend only in increasing OS in GB patients with unmethylated MGMT promoter, a finding that replicated the failure of Cilengitide to improve OS seen in the CENTRIC trial. [202] CENTRIC and CORE trials determined that there is no survival advantage for adding anti-αvβ3-αvβ5-integrin therapy (Cilengitide) to SOC for patients with newly diagnosed GB. Nevertheless, other integrin inhibitors (β1, β8…) may represent another promising strategy. [56, 243, 251] Enzastaurin, a potent inhibitor of protein kinase C-beta, an angiogenenic inhibitor and with direct cytotoxic activity against glioma cells, was evaluated before and concomitant with RT, followed by enzastaurin maintenance therapy in patients with newly diagnosed GB without MGMT promoter methylation in a multicenter open-label uncontrolled phase II (EORTC 26981/22981 NCIC CE.3). The PFS-6 was 53.6%. The median OS was 15.0 months for all patients, 3.9 months for patients with biopsy, 15.4 months for patients with partial resection, and 18.9 months for patients with complete resection. The safety profile in this study was as seen in previous trials and therapy was well tolerated. In this trial, PFS-6 of >55% was the prespecified endpoint and consequently failed to achieve its primary planned outcome. [323] The results of a phase II open label trial (NCT01019434) evaluating RT and temsirolimus, a mTOR inhibitor, in patients with newly diagnosed GB without methylation of the MGMT gene promoter should soon be avaliable. In arm 1, standard treatment with TMZ (75 mg/m 2 /day)/RT (30 × 2 Gy) followed up by TMZ (150-200 mg/m 2 5 days/28 days) administered up to 12 cycles is given. In arm 2, temsirolimus was given once one week before RT and then once every week (25 mg iv) concomitanty with RT. After completion of chemoradiotherapy, patients receive maintenance temsirolimus once weekly in the absence of disease progression and unacceptable toxicity. The primary outcome is OS at 1 year and the secondary outcomes were safety, PFS at 6 and 12 months, OS at 2 years, and correlative biomarkers.
Immunotherapy
A variety of vaccination strategies based on either whole GB tumor lysate or tumor-specific antigens (TSAs) have shown consistent safety as well as preliminary and encouraging immunogenicity and efficacy. [241] The most promising immune-based therapies will be reviewed here.
The most common EGFR mutation in GB is EGFRvIII, which results from an in-frame deletion of 267 amino acids in the extracellular domain. [162] EGFRvIII, a GB TSA is being targeted for vaccination-based therapy in GB. EGFRvIII is present in 20-25% of GB patients [14, 124, 330] but is absent on normal tissues. [21, 166, 196, 328] Based on a single study, the presence of EGFRvIII was rarely associated with the occurrence of point mutations that would hinder the effect of specific antibodies against EGFRvIII. [17] EGFRvIII expression is only seen in primary GB, [152, 125, 215] and is found in nearly 50% of tumors with EGFR ampification. [306] A male predominance has also been reported. [124, 125] The expression of EGFRvIII does not significantly affect survival of patients. [124, 125, 175, 306] A variety of immunotherapies targeting EGFRvIII in GB are currently under investigation including monoclonal antibodies, dendritic cell (DC) vaccination therapy, genetically modified T-cells, and peptide vaccines [ Table 10 ]. Peptide vaccines are the most studied and well understood immunotherapies in GB.
Rindopepimut
(PEPvIII-KLH; CDX-110; Celldex Therapeutics, Phillipsburg, NJ), is a peptide vaccine that elicits humoral and cellular immune responses. [126, 197] Rindopepimut phase I and II clinical trials (VICTORI, ACTIVATE, ACT II, ACT III [NCT00458601]) have demonstrated significantly higher PFS and OS compared with historic controls in vaccinated patients with EGFRvIII-expressing GB tumors. [123] Side effects were minimal and mainly consisted of hypersensitivity reactions. An international randomized double-blind phase III trial (ACT IV) for newly diagnosed GB (NCT01480479) is currently investigating the efficacy and safety of the addition of rindopepimut to standard RT + TMZ. The primary outcome is OS. The secondary outcome measures are PFS, safety and tolerability (measured by neurological examination, adverse events, Eastern Cooperative Oncology Group performance status [ECOG PS], EORTC QoL questionnaires). Patients qualifying for study in addition to expressing EGFRvIII on the primary tumor need also demonstrate no evidence of progressive disease following chemoradiotherapy. All patients will receive TMZ (150-200 mg/m 2 for 5 days during each 28 day-cycles of TMZ for a minimum of 6 cycles or a maximum of 12 cycles) dependent upon drug tolerance or until tumor progression. Half of the patients will be randomly assigned to receive rindopepimut and half of the patients will be assigned to receive a control (keyhole limpet hemocyanin [KLH]) vaccine.
Another approach utilizes a DC vaccine, DCVax-L. The vaccine is manufacturated using the patient's autologous DCs loaded with a tumor cell lysate prepared from surgically resected primary tumor tissue. The DCs are collected by leukapheresis. Different methods to activate DC have been explored. [132] This approach offers a potential immunotherapy for every patient as no specific tumor antigen is required; however, does requires collection of tumor tissue at time of surgery, a delay of several weeks for vaccine generation, and often limited production of vaccine. [241] In preliminary studies, adverse events were mild and limited to localized reactions, low-grade fever and headache. Early preclinical studies and small clinical studies in patients as well as case reports have shown an antitumor effect suggesting DCVax-L induces an immune response. [7] [8] [9] 12, 90, 122, 172, 173, 216, 229, 253, 268, 297, 298, 313, 329, 333, 334, 336, 337] A randomized double-blind phase III trial is ongoing to test the efficacy of DCVax-L (NCT00045968). The primary endpoint is PFS. Secondary endpoints include OS, safety, and induction of immune responses. Eligible patients must have newly diagnosed GB that requires resective surgery (required for production of the tumor lysate), and able to receive concomitant TMZ-based chemoradiotherapy. In addition, eligible patients need demonstrate absence of measurable disease progression after completion of primary chemoradiotherapy. Immunization starts following RT and is given at weeks 0, 2, and 4 and at months 2, 4, 8, 12, 18, 24, and 30. Cross over to DCvax-L is permitted at progression in patients otherwise randomized to the SOC arm only. A preliminary report suggests vaccination with a DC-based vaccine targeting glioma stem cells inducing an immune response in seven GB patients, another potential strategy for treating GB (NCT00846456). [193] In conclusion, avaliable data regarding vaccine therapy for GB -whether utilizing whole cell lysates or synthetic antigens, suggest a therapy with excellent tolerance, that is, minimal toxicity and preliminary evidence of tumor immunogenicity and antitumor efficacy. Nevertheless, several issues need to be considered. First, immunotherapies have to date demonstraterd very little activity in other solid tumor cancers including metastatic melanoma. Second, a selection bias is observed in all studies to date as patients are required to have minimal residual disease following first surgery as well as after completing chemoradiotherapy, a subgroup of patients in which there is no well-defined survival data when treated with SOC. Third, all studies to date have enrolled a small number of patients with highly favorable prognostic features and been performed as single institution trials. Currently there are no identified biomarkers that predict for response or serve as surrogates for response to immunotherapy. Currently response to immunotherapies utilizes the same assessment criteria as with systemic CT. There is a theoretical possibility that immune response specific criteria may be required as witnessed with ipilimumab therapy for metastatic melanoma. [330] Heat-shock proteins (HSPs), which function as intracellular chaperones, can be used to deliver a variety of tumor antigens to antigen presenting cells for immune stimulation. [276] HSP90 alpha has a role in tumor survival and progression and is highly expressed in GB while absent in normal tissue and cell lines and may be a target for cancer therapy taking into acount its potential role in tumor progression and in the antiapoptotic pathway. [186] The safety and efficacy of an autologous HSP complex-96 (HSPPC-96) vaccine for patients with recurrent GB has been evaluated in a phase II study in adult patients with resected recurrent GB. The HSPPC-96 vaccine was safe and concluded further study of efficacy for the treatment of recurrent GB was warranted. [32] Immune check point inhibitors such an anti-VLTA4 and antiprogrammed cell death 1 (anti-PD1) monoclonal antibodies are just begining clinical trials in GB. These targeted agents represent a novel immune therapy that has shown success in metastatic melanoma as well as nonsmall cell lung cancer. A trial using nivolumab (anti-PD1 antibody) with or without ipilimumab (anticytotoxic T lymphocyte antigen-4 [CTLA4] antibody) in recurrent GB has recently commenced (NCT02017717).
NOVOCURE trial
Alternating electric fields (AEF) have been shown to inhibit by an antimicrotubule mechanism of action, cancer cell growth in vitro and in vivo when applied at low intensity and intermediate frequency [150] Therapeutic applications were based on the hypothesis that nonhomogeneous electric fields generate unidirectional forces that disrupt the normal polymerization-depolymerization process of tubulin during mitosis. [150] The Novo TTF-100A (Novo Tumor Treatment Fields) device generates AEF with a frequency of 100-300 kHz and an intensity of 1-2 V/cm and is battery operated. An ongoing multicenter phase III designated EF-14 is assessing the NovoTTF-100A device in more than 700 patients with a newly diagnosed GB. All patients will undergo standard RT with concomitant TMZ and will then be randomized (2:1) one month after the completion of RT between adjuvant adjuvant TMZ plus NovoTTF-100A (>18 hours per day) versus adjuvant TMZ alone. This trial is based on a controversial phase III in recurrent GB that purportedly showed benefit with the device. [282] In the first interim analysis of the phase III, a total of 315 patients were randomized (210 in the NovoTTF + adjuvant TMZ). The median PFS were statistically different (7.1 vs. 4.0 months from randomization and 10.9 vs. 7.9 months from diagnosis, P = 0.0014). The median overall survival significantly differed as well (19.6 vs. 16.6 months from randomization and 22.6 vs. 19.6 months from diagnosis, P = 0.034) in ITT analysis. Grades 1/2 procedural complications were observed in 49% of the patients in the NovoTTF arm (43% of device site reaction) vs. 5% in the standard arm. Grades 1/2 skin tissue disorders were observed in 24% of the patients in the NovoTTF arm vs. 15% in the standard arm, grades 1/2 psychiatric disorders were noted in 33% of the patients in the NovoTTF arm vs. 15% in the standard arm. [283] Preclinical studies show a synergy between AEF and CT using the human glioma cell line U-118. In addition, results of a small pilot study of 10 newly diagnosed GB patients treated with the same combination given in the experimental arm of EF-14 demonstrated a median OS and PFS of 39 and 36.2 months, respectively. [151] These studies serve as the catalyst for the current randomized EF-14 trial.
Viral-based therapy
Viral therapies can be divided into two categories. Replication-deficient viral vectors are used as delivery vehicles for therapeutic genes with antitumor activities. Alternatively, replication-competent oncolytic viruses specifically infect and replicate in cancer cells and thereby, kill their tumor cell hosts sparing normal tissue, spread throughout the tumor, and thus have the potential to amplify themselves in situ and spread throughout the tumor. Additionally, tumor cell kill is also mediated by antitumor immune activation and disruption of tumor blood supply. [143, 207, 252] The role of the cytomegalovirus (CMV) in GB remains controversial. CMV DNA and proteins are expressed in several types of human cancers [74, 241, 286] but not in normal surrounding tissues. [275] Sodeberg examined more than 250 cases of GB, of whom only 1 was CMV negative suggesting a high prevalence of CMV expression in GB. [272] Other work also demonstrated that glioma stem cells also express CMV antigens. [241] The prognostic value of CMV expression in GB was evaluated in a cohort of 75 patients. The median OS was 33 months in those with low-grade CMV infection and 13 months in those with high-grade CMV infection (P = 0.04), the median rates of 2-year survival were 63.6% and 17.2%, respectively (P = 0.003), suggesting that CMV level of infection may have a prognostic value. [233] Nevertheless, CMV persists after a usually unrecognized infection lifelong in the body [270] and represents a frequent opportunistic infection in severely immunocompromised patients. Moreover, the evaluation of the CMV (ribonucleic acid [RNA]) RNA/ DNA levels in GB samples remains controversial, and for some authors CMV is unlikely to be implicated in the development of human malignant gliomas. [254] A positive IHC of the CMV immediate early antigen in the tumor tissue does not constitute an infection per se. [320] The VIGAS randomized, double-blind, placebo-controlled trial was conducted to evaluate the safety and the efficacy of valgancyclovir (Valcyte®), an anti-CMV therapy, as an add-on therapy for GB. A total of 42 newly diagnosed GB patients were randomized to receive valganciclovir or placebo in addition to standard therapy for 6 months. Eligible patients were newly diagnosed GB with a surgical resection of at least 90% and CMV infection demonstrated histologically and immunonohistochemically. Patients could take valgancyclovir for compassionate use after the study phase. Trends but no significant differences were observed in tumor volumes in valgancyclovir and placebo-treated patients at 3 (3.58 vs. 7.44 cm 3 , respectively, P = 0.2881) and 6 (3.31 vs. 13.75 cm 3 , P = 0.2120) months. Median PFS were 5.6 months in the valgancyclovir group and 5.5 months in the placebo group (P = 0.30). Median OS was similar in both groups (17.9 vs. 17.4 months, P = 0.430) suggesting no added benefit with the addition of valgancyclovir. The authors subsequently collated a subgroup of patients that benefited from valgancyclovir comprised of patients from both arms of the VIGAS trial as well as patients from a compassionate use study. In this highly selected and heterogenous group of patients, the authors described a significant prolongation of OS (24 vs. 13.1 months, P < 0.0001) and OS at 4 years (27.3% vs. 5.9%, P = 0.0466) in patients receiving >6 months of Valganciclovir. [277, 320, 324, 325] 
Treatment of recurrent glioblastoma
The treatment of GB at recurrence depends on several factors, including age of the patient, PS of the patient, extent and location of disease at recurrence, response to initial treatment, time between initial treatment and first recurrence, and prior treatment. [305] As in recurrent AG, only a minority of selected patients are eligible for re-resection or re-irradiation and systemic therapy continues to be the most often utilized treatment.
Chemotherapy
A variety of alkylator-based CT regimens (Carmustine [BCNU], Lomustine [CCNU], Fotemustine, TMZ in TMZ-naive patients, TMZ in TMZ-pretreated patients) have been evaluated at recurrence of GB and constitute the current SOC. [305] Six-months PFS varies from 17.5% to 52%, median PFS varies from 1.6 to 6.7 months, and OS varies from 7.1 to 9.6 months. [3, 16, 18, 19, 37, 39, 40, 42, 43, 45, 66, 89, 91, 95, 103, 118, 142, 145, 155, 156, 203, 212, 222, 242, 261, 263, 264, 284, 285, [314] [315] [316] 322, 338] The results of the several studies utilizing alkylator-based CT at recurrence are described in Table 11 .
In an attempt to improve on TMZ only therapy, a variety of agents both cytotoxic and targeted have been combined with TMZ including BEV, nitrosoureas, alpha-interferon, IRI, cisplatin in more than 12 phase I or II studies. None of these combinations have proved superior to TMZ alone. [34, 41, 73, 79, 101, 114, 239, 240, 245, 260, 269, 295, 305] 
Bevacizumab
In 2005, Stark Vance presented the first results of BEV in recurrent HGG using the combination of BEV/IRI in 21 patients. Patients received 6-week cycles with BEV (5 mg/ kg, every other week) and IRI (125 mg/m 2 every 4 weeks), followed by a 2-week rest. Toxicities included neutropenia, diarrhea, epistaxis, emesis, and asthenia. One patient died of an intracranial hemorrhage and one patient died of complications of gastrointestinal perforation. One complete response, 8 partial responses, and 11 stable diseases were observed, suggesting a possible role for BEV in recurrent HGG. [2] In 2007, a phase II study of 23 patients at first GB recurrence were treated with BEV (10 mg/kg/q2w) + IRI and another 12 patients received BEV (15 mg/kg/q3w) + IRI. The median PFS was 24 weeks, PFS-6 was 46% and the median OS was 42 weeks. Toxicities, mainly fatigue and thrombo-embolic events required an interruption of treatment in 11 patients. [300] In another phase II study, BEV alone (10 mg/kg/q2w) was evaluated in 48 patients with recurrent GB at second disease recurrence. [159] Patients were to receive BEV + IRI (125 or 340 mg/m2 / q2w based on antiepileptic use) at recurrence on BEV only. The median PFS was 31 weeks, PFS-6 was 29% and median OS was 16 weeks. The objective response rate was 35%. In the randomized phase II BRAIN study of GB at first recurrrence, a total 85 patients received BEV alone (10 mg/kg/q2w) and 82 patients BEV (10 mg/kg/q2w) + IRI (125-340 mg/m 2 /q2w). At progression, patients in the BEV alone arm received BEV + IRI. The 6 month-PFS was 42.6% and 50.3% (P < 0.0001), median PFS was 4.2 and 5.6 months in the BEV alone and in the BEV + IRI arm, respectively. The median OS were 9.2 and 8.7 months.
[100] Interruption of treatment due to toxicity was observed in 4.8% and 21.5% in the BEV alone and in the combined arms, respectively. The results of this study confirmed the activity of BEV in these patients, and BEV was approved by the FDA in May 2009 for recurrent (1 st or 2 nd ) GB.
A variety of retrospective and prospective studies have evaluated combining BEV with various agents including IRI, etoposide, TMZ, carboplatin, cetuximab, erlotinib, and to date none have proved more effective than BEV only [ Table 12 ]. [2, 5, 57, 62, 65, 79, 93, 96, 100, 105, 106, 119, 140, 159, 195, 198, 204, 205, 211, [235] [236] [237] 262, 273, 284, 295, 300, 301, 305] These various studies demonstrate a median PFS-6 rate that varied from 25% to 42.6%, median OS from 6.5 to 9.2 months, and radiological response rates from 29% to 42% in the BEV alone groups. In the BEV-combined arms, the PFS-6 rates varied from 19% to 50%, median OS from 6 to 10.2 months, and radiological response rates from 20% to 57%. [273] In a sequential two-part randomized phase II trial (CABARET), 122 patients at first progression of GB were initially treated with BEV (10 mg/kg/q2w) alone or BEV (10 mg/kg/q2w) + carboplatin (AUC 5 q4w) (part 1). At progression, patients were randomized to continue or stop BEV (part 2). The PFS-6 was 26% in the BEV + carboplatin arm versus 24% in the BEV alone arm (P = 0.82). The response rates (15% vs. 13%, P = 0.82), median OS (6.9 vs. 6.4 months, P = 0.68) were similar in both groups. [93] Part 2 of the study has not been reported as yet.
The BELOB phase II study (Landelijke Werkgroep Neuro-Oncologie [LWNO] trial 0901) compared BEV alone versus BEV plus Lomustine versus Lomustine alone in patients with a first recurrence of GB. The initial design of BELOB consisted in a 2-arm study, evaluating BEV versus BEV plus Lomustine in recurrent GB. The primary endpoint was 6-PFS. After the negative ruling of EMA in Europe on the use of BEV at first recurrence for GB, the trial was amended to include three arms. The new protocol was thus a three-arm randomized open label controlled phase II study with a primary endpoint of OS at 9 months. The treatment arms were Lomustine alone (110 mg/m 2 every 6 weeks for 6 cycles), Lomustine (90 mg/m 2 every 6 weeks for 6 cycles) + BEV (10 mg/kg every 2 weeks until progression), and BEV alone (10 mg/kg every 2 weeks until progression). Initially Lomustine was administered at 110 mg/m 2 , but due to hematological toxicity, the dose of Lomustine was reduced. A total of 148 eligible patients were enrolled: 50 patients were assigned to BEV alone, 46 patients to Lomustine alone, and 52 patients to the combined group. Treatment was interrupted for toxicity for two patients in BEV alone arm and five patients in the combination arm. The most frequent adverse events were hypertension and fatigue. The 9 months OS was 43% (range, 29-57%), 38% (range 25-51%), and 63% (range, 49-75%) in the Lomustine arm, in the BEV arm, and in the combination arm, respectively. The median OS was 8 months in either the Lomustine only or BEV alone arms, and 12 months in the BEV + Lomustine arm. The PFS at 6 months was 13% (range, 5-24%), 18% (7-27%) and 42% (range, 29-55%) in the Lomustine arm, the BEV arm and in the combination arm, respectively. [284] The study concluded that combination therapy was most effective and suggested for the first time likely chemosynergy with BEV and a cytotoxic agent (Lomustine) in the treatment of recurrent GB. Additionally, the study proposed that the results were sufficiently robust to pursue a phase III study.
EORTC 26101 (NCT01290939) was recently modified as a three-arm phase III adressing results of BELOB. This trial will determine whether the combination of BEV and Lomustine in patients with first reccurence of GB is superior to BEV or Lomustine only. The primary endpoint is the OS, and the secondary outcomes are median PFS, PFS at 6 and 12 months, OS at 9, 12, and 24 months, response rate and duration of response and progression parttern, safety, clinical DFS, steroid use, QoL and development of cognitive deterioration, and identification of biomarkers that hopefully will translate into advances in screening, diagnosis, treatment, and monitoring patients with recurrent GB. In arm 1, patients will recieve Lomustine (90-110 mg/m 2 every 6 weeks) plus BEV (10 mg/kg every 2 weeks). In arm 2, patients will receive Lomustine as single agent (110 mg/m 2 every 6 weeks). At progression, treatment is at the discretion of the investigator.
BEV when used for recurrent GB is usually administrated intravenously at 10 mg/kg every 2 weeks. Other schedules of BEV have been evaluated in small cohorts of patients with recurrent GB. [140, 235] A total of 61 patients with recurrent GB received 15 mg/kg/q3W of BEV in the study by Raizer. The PFS-6 was 25%, the median time to progression was 10.8 weeks, and the median OS was 25.6 weeks. A partial response was observed in 24% and stable disease in 50.8%. In the study of 14 patients by Kaloshi, using a dose of 5 mg/kg/q2w, median PFS was 3.6 months and median OS 6.4 months. Five partial responses and seven stable disease patterns of radiographic response were observed. Robust data on the best BEV dose and schedule are still lacking.
The median OS after progression on BEV is usually poor (average 3-4.6 months) nothwithstanding attempted further treatment. [86, 135, 230, 235, 273, 327] Continuation of BEV after progression on BEV is still debated and various conclusions have been offered in retrospective studies. [62, 237] The randomized TAMIGA phase IIIb trial is evaluating the efficacy and safety of continous BEV (in conjunction with RT + TMZ) treatment following progression of disease (vs. no further BEV and treatment at physician discretion) in patients with GB after first-line treatment with RT, TMZ and BEV. This trial will allow a comparison of BEV continuation versus discontinuance in patients treated with BEV and in whom there is evidence of disease progression.
Nonbevacizumab angiogenic inhibitors
Other antiangiogenic agents have been evaluated in recurrent GB. Median PFS-6 was 25.8% with cediranib (vascular endothelial growth factor receptor 2 [VEGFR2] inhibitor, 31 patients), 7.7% with aflibercept (n = 42 patients; VEGF ligand decoy) and 15% with cilengitide (n = 40 patients; antiintegrin inhibitor). [18] [19] [20] 108, 113, 238] Cabozatinib (XL184), is a small molecule kinase mesenchymal-epithelial transition (MET), VEGFR2, and rearranged during transfection (RET) inhibitor, was evaluated in a phase II trial at 125 and 175 mg. PFS-6 was 21%. [310] None of these agents has achieved an effectiveness that improves upon BEV.
A phase III open label study compared the efficacy and safety of enzastaurin versus Lomustine in patients with recurrent GB. A total of 266 patients were randomly assigned (2:1) to receive 6-week cycles of enzastaurin 1125-500 mg/d (n = 174) or Lomustine (100-130 mg/m 2 , day 1) (n = 92). Median PFS (1.5 vs. 1.6 months, P = 0.08), OS (6.6 vs. 7.1 months, P = 0.25), and 6-month PFS rate (11.1% vs. 19%, P = 0.13) did not differ significantly between enzastaurin and Lomustine, respectively. Stable disease occurred in 38.5% and 35.9% of patients and objective response occurred in 2.9% and 4.3% of patients, respectively. Time to deterioration of physical and functional well-being and symptoms did not differ between arms (P = 0.54). Four patients discontinued enzastaurin because of drug-related serious adverse events (AEs). Grade 3 to 4 hematologic toxicities were significantly higher with Lomustine than with enzastaurin (P ≤ 0.001). In this study, enzastaurin was not superior to Lomustine in patients with recurrent GB. [322] REGAL was a randomized phase III placebo controlled partially blinded trial to determine the efficacy of cediranib, an oral pan-VEGF receptor tyrosine kinase (RTK) inhibitor, either as monotherapy or in combination with Lomustine versus Lomustine only in patients with recurrent GB. [19] A total of 325 patients with a first recurrent GB previously treated with RT + TMZ were randomly assigned This study did not meet its primary end point of PFS prolongation with cediranib either as monotherapy or in combination with Lomustine versus Lomustine in patients with recurrent GB, but did confirm the benefit of Lomustine similar to the conclusions of the enzastaurin trial mentioned above.
Molecular targeted therapy
The anaplastic lymphoma kinase (ALK) and the hepatocyte growth factor receptor (HGFR or, more commonly MET) are both members of the RTK family and included within the insulin-like receptor superfamily. This signaling pathway has a role in modulating mitosis, migration, and survival in cancer cells. [188, 303] Expression of MET has been shown to be associated with a worse clinical outcome in GB. [11, 157, 158, 176] GB expressing MET mutations or amplifications occur in only ~ 5% of all patients. [53, 303] Crizotinib, is an orally available ATP-competitive selective inhibitor of ALK and MET tyrosine kinases. [72, 183] Several additional ALK inhibitors are currently being tested in clinical trials. [188] In a case report, a patient received crizotinib 250 mg twice daily at the first progression of a GB with MGMT promoter methylation and MET gene amplification. A rapid and 6 months-prolonged clinical and radiological improvment was observed. The only adverse effects attributed to crizotinib were asymptomatic elevated alanine amino transferase (ALT) (grade 2) and hypophosphatemia (grade 2). [68] BRAF mutations, another uncommon mutation in GB, may represent another druggable target using specific BRAF inhibitors such as vemurafenib or dabrafenib. BRAF V600E mutations have been identified in a less than 5% of adult GB and when seen are mostly observed in epithelioid-GB, a tumor subtype seen in pediatric and young adults. [54, 154, 206] 
Vaccine-based immunotherapy
ReACT (NCT01498328) a phase II trial with granulocyte-macrophage colony-stimulating facto (GM-CSF) and KLH in combination with the EGFRvIII peptide vaccine rindopepimut, is evaluating vaccine-based therapy in patients with recurrent EGFRvIII-positive GB. Group 1 are patients who have never been treated with BEV and will be randomly assigned to receive either rindopepimut/GM-CSF + KLH vaccine and BEV or BEV only in conjunction with a non-EGFRvIII peptide containing vaccine. Treatment assignment for Group 1 will be blinded. Group 2 patients are refractory to BEV (recurrence or progression of GB while on BEV or within 2 months of discontinuing BEV). These patients will receive rindopepimut/GM-CSF vaccine in conjunction with BEV. The primary objective is PFS in Groups 1 and 2 and objective response rate in the Group 2. The secondary outcome measures are safety and tolerability, antitumor activity and EGFRvIII-specific immune response.
Gliadel trial
A total of 222 patients with recurrent GB who underwent reoperation were randomized in a phase III study comparing resection + carmustine wafers (Gliadel) (n = 110) versus resection + placebo wafers (n = 112). The median OS were 31 versus 23 weeks (P = 0.006) in the carmustine wafer and placebo arm, respectively. [48] No clinically important adverse reactions related to the carmustine polymer, either in the brain or systemically were observed. In another cohort, 22 patients received carmustine wafers at first progression of GB. The median PFS and OS rates after recurrence were 3.6 and 9.9 months, respectively, and the 6-month PFS rate after recurrence was 27.2%. On multivariate analysis, only MGMT promoter hypermethylation at recurrence, as determined by using MethyLight technology (P = 0.019) and methylation-specific PCR (MSP) analysis (P = 0.046), was associated with better OS. [189] The rate of complications remains unclear in this population, but data in newly diagnosed GB suggest that gliadel wafers should be used with caution. [46] Convection-enhanced delivery Convection-enhanced delivery (CED) was designed to improve the delivery of drugs that would normally not cross the blood-brain barrier. Agents are delivered through one to several catheters placed stereotactically within the tumor or in brain surrounding tumor. Different classes of drugs are amenable to this technology including standard chemotherapeutics or novel experimental targeted drugs. Nevertheless, trials have failed to demonstrate a success when utilizing CED as means of drug delivery. [61, 199] Two randomized trials have been completed and in both instances there was no evidence of benefit in the CED groups: One using modified pseudomonas toxin (PRECISE study) and the other a diphtheria toxin (TransMID trial). [163, 234] 
Alternating electric fields or tumor treating fields
Two clinical trials have assessed the effect of AEF using the NovoTTF-100A device (Novocure Ltd, Haifa, Israël) in the recurrent setting. In the first trial, a small pilot study of 10 patients, the device was used continuously for a minimum of 18 h/day and used until disease progression. Median OS was 62.2 weeks, 6-month PFS rate was 50%, TTP was 6.1 months. These results compared favorably with historical controls that showed a median OS of 29.3 weeks, a 6-month PFS rate of 15.3%, and a TTP of 9.5 weeks. Tolerance profile was excellent with dermatitis beneath the electrodes being the most frequent side effect. [150, 151] Based on these results, a pivotal study designated EF 11 was initiated. This phase III randomized multicenter clinical trial was designed to compare the safety and effectiveness of NovoTTF 100A to the investigator determined best standard of care (BSC) CT for recurrent GB. The trial was designed to demonstrate the superiority of NovoTTF 100A compared with BSC. Twenty eight US and European centers enrolled a total of 237 patients (120 TTF patients, 117 BSC patients). In the analysis, the intent to treat (ITT) population comprised of six groups, all determined post hoc: Group 1 = TTF patients who never started therapy (n = 4); Group 2 = TTF patients who received less than 4 weeks of therapy (n = 23); Group 3 = TTF patients treated per protocol (PP) (n = 93); Group 4 = BSC patients who never started therapy (n = 26); Group 5 = BSC patients with protocol violations (n = 12); Group 6 = BSC patients treated PP (n = 79). Patients were analysed with regard to efficacy using four different approaches: ITT (all 6 groups), PP (Groups 3 and 6), modified ITT 1 (mITT 1 -Groups 3, 4, 5, and 6), and modified ITT 2 (mITT 2 -Groups 3, 5, and 6). For safety, all patients in Groups 2, 3, 5, and 6 (i.e. all patients who had received one or more treatments) were included. The primary endpoint of the study was OS. There was no significant difference in OS between the TTF and BSC groups (6.0 vs. 6.6 months, P = 0.27), except for the PP and mITT 1 populations, which showed that OS was significantly higher following TTF. No difference was observed regarding the 1-year survival rate between the two treatment arms in ITT population (20% in both).
Although the 1-year survival rate appeared higher in the TTF group in the PP population, no statistical analysis were provided to determine whether this difference was significant. Median PFS and 6 month-PFS (21.4% vs. 15.1%, P = 0.13) was similar between the two groups in the ITT population; however, in the three remaining populations, PFS was significantly higher following TTF. There were no significant differences in TTP when comparing TTF and BSC in the ITT and mITT 2 populations; however, TTF treatment resulted in significantly longer in the PP and mITT 1 populations. Response rates were also similar in both arms in ITT (14% vs. 9.6%, P = 0.19). QoL analyses favoured TTF for role, cognitive and emotional functioning. Increased pain and fatigue were reported with CT but not with TTF. Symptom scale analysis revealed increased CT-related toxicities in the no-Novocure arm. Notwithstanding the fact that the trial was never designed as a noninferiority trial and therefore was unable based on power analysis to determine equivalence with BSC, the NovoTTF 100A device was approved by the FDA in April 2011 for the treatment of adult patients with recurrent GB after receiving upfront SOC. [282] CONCLUSION Molecular markers and gene expression profiles increasingly assist in determining prognosis and response to treatment in HGG, and particularly in AG, in which, treatment is dependent upon the 1p/19q status. In the GB population, the molecular markers and classification does not currently influence treatment except in elderly patients. Potentially and recently identified mutations markers may be druggable (cMET, ALK, BRAF, EGFRvIII, IDH…) and reprent new treatment strategies. HGG when feasible are first treated with maximum safe surgery, followed by RT and/or systemic CT. The standard treatment of newly diagnosed 1p19q codeleted AG has changed after publication of the long-term results of the RTOG 9402 and EORTC 26951 trials, and now includes RT + PCV, with PCV administered either immediately before or after RT. The role of TMZ in lieu of PCV, which is less toxic than PCV, remains to be determined and is the primary hypothesis in the currently on going trial CODEL. In the 1p/19q noncodeleted AG population, there is insufficient data to recommend concomitant RT + TMZ and in this population, the standard initial treatment remains RT or CT alone based on the NOA-04 trial. Results of CATNON are awaited, which will hopefully inform as to the role of TMZ in the first-line treatment of nondeleted AG.
The addition of BEV to the SOC of newly diagnosed GB has shown no impact on OS and consequently cannot be commended for use in GB except at recurrence. Similarly there is no evidence that Cilengitide adds addional benefit to the initial treatment of GB. The role of vaccine-based immunotherapy in the upfront treatment of GB will be determined upon completion of two large Phase 3 trials, ACT 4 and DCvax. New targeted agents, such as inhibitors of BRAF, cMET, or ALK, are currently exploratory and may be applicable to a small select subpopulation. Vaccines directed at HSP and IDH1 may be another promising approach.
There continues to be SOC identified in recurrent HGG. Several factors should be taken into account such as age and PS of the patient, extent and location of disease at recurrence, response to initial treatment, time between initial treatment and first recurrence, and prior treatment. Both recurrent GB and AG are managed in a similar manner. Re-resection or re-irradiation may be options in a minority of select patients. Systemic treatment remains the most often utilized option for recurrent HGG. Re-challenge with TMZ or alternative use of a nitrosourea (most often Lomustine) are one of standard options. BEV alone has also shown an improvment of PFS-6 in the GB population. The role of combination therapy with BEV and Lomustine recently was suggested to be more effective (BELOB trial) and is currently being examined in an EORTC phase III trial in recurrent GB. The use of immune check point inhibitors such as anti-PD1 monoclonal antibodies is just commencing and is a potential new stratgey for recurrent HGG. Nevertheless, there is no clear standard recommendation regarding the prefered agent or combination of agents for recurrent HGG. Prognosis after progression remains poor, with an unmet need to improve therapy.
